Abstract. This paper presents an experimental and numerical study of a pulsed air plasma discharge at atmospheric pressure propagating in a capillary glass tube. In this work, we have compared the discharge structures and the axial propagation velocities of discharges. First, we have studied a needle-to-plane configuration without tube. For applied voltages in the range 7 − 18 kV, we have observed in experiments and in simulations that a plasma ball starts to develop around the needle tip. Then, for applied voltages less than 14 kV, in experiments, the discharge rapidly splits into several streamer channels with a main axial streamer. In simulations, we have computed only the main axial discharge. For applied voltages higher than 14 kV, in experiments and in simulations, we have observed that the discharge propagates with a cone shape in the gap. For all studied voltages, a good experiment/modeling agreement is obtained on the axial propagation velocity of the discharge, which increases with the applied voltage. Then, we have studied the propagation of discharges inside capillary tubes with radii in the range 37.5 − 300 µm. In experiments and simulations, we have observed that for small tube radius, the discharge front is quite homogeneous inside the tube and becomes tubular when the tube radius increases. Experimentally, we have observed that the velocity of the discharge reaches a maximum for a tube radius slightly less than 100 µm. We have noted that for a tube radius of 100 µm, the discharge velocity is three to four times higher than the velocity obtained without tube. This clearly shows the influence of the confinement by a capillary tube on the discharge dynamics. In this work, we have only simulated discharges for tube radii in the range 100 − 300 µm. We have noted that both in experiments and in simulations, the velocity of the discharge in tubes increases linearly with the applied voltage. As the radius of the tube decreases, the discharge velocity derived from the simulations slightly increases but is less than the experimental one. We have noted that the discrepancy on the discharge velocity between experiments and simulations increases as the voltage increases.
Introduction
In recent years, atmospheric pressure discharges inside random or organized two-phase media such as porous solids, monoliths, packed beds or foams have been used for various applications as plasma assisted catalysis for flue gas treatment and chemical synthesis [Kim, 2004; Becker et al., 2006] . For these applications, atmospheric pressure discharges are produced in spatially confined geometries such as microcavities and pores of the considered materials. So far, many studies have been carried out to evaluate the performances of the reactors used [Kim, 2004; Mizuno et al., 1992; Ogata et al., 1999; Ibuka et al., 2001; Blin-Simiand et al., 2005; Hensel et al., 2009] . However, only few works have been performed on the physics of the discharge in complex two-phase media [Ohsawa et al., 2000; Tardiveau et al., 2006; Hensel et al., 2007; Hensel and Tardiveau, 2008; Bhoj and Kushner , 2008] . Recently, spatially confining atmospheric pressure plasmas to dimensions of 1 mm or less has also appeared to be a promising approach to the generation of stable, glow discharges at atmospheric pressure for various applications and in particular for biomedical applications [Ehlbeck et al., 2011; Lee et al., 2011] . Many studies have been carried out on different types of so-called microdischarges [Becker et al., 2006, and references therein] such as microhollow cathode discharge (MHCD), capillary plasma electrode (CPE) [Kunhardt et al., 1997] and plasma jets [Walsh et al., 2010] . However, despite the numerous experiments on microdischarges, some basic mechanisms of these discharges are still poorly understood such as the processes resulting in the production of plasma bullets [Teschke et al., 2005; Lu and Laroussi , 2006; Sands et al., 2008; Shi et al., 2008] , which propagate far away from the area where the plasma is created. It is interesting to note that, very recently, Naidis [2010] has shown that the ringshape structure of plasma bullets could be explained in considering the propagation of a streamer discharge in a helium cylinder with a radius of about 1 mm surrounded by air. In this work, as a first step to better understand atmospheric pressure discharge phenomena in porous materials, we propose to carry out a detailed comparison study between experiments and simulations on a pulsed air plasma discharge at atmospheric pressure propagating in a capillary glass tube (i.e. tube with a typical inner radius of the order of 100 µm). In a previous work, [Jánský et al., 2010b] , we have carried out simulations to study the propagation of air discharges at atmospheric pressure in dielectric tubes of permittivity ε r in the range 1 − 10 and tube inner radius in the range 100 − 600 µm for a constant applied voltage in the range 6 − 9 kV. We have shown that the velocity of propagation of the discharge in the tube increases with the decrease of the tube radius and ε r and that the discharge velocity increases when the discharge front is more homogeneous. In this work, we propose to compare the influence of the radius of glass tubes on the discharge structure and its propagation velocity in experiments and in simulations for a pulsed applied voltage in the range 7 − 18 kV and for glass tubes (ε r = 4) with an inner radius ranging from R tube = 37.5 up to 300 µm. In Section 2, we present the studied experimental set-up and in Section 3 the discharge model. In Section 4.1, first we consider discharges obtained in a needleto-plane geometry without glass tube. We compare discharge structures and discharge propagation velocities in experiments and in simulations for different applied voltages. Then in Section 4.2, we study the propagation of discharges in capillary glass tubes and we compare the influence of the radius of the tube on the discharge characteristics in experiments and in simulations. Finally, in Section 4.3, the results of the experiment/modeling comparison are discussed.
Experimental set-up
The experimental set-up shown on Figure 1 can be described in three parts: the electrical power supply and monitoring, the discharge reactor itself, and the optical imaging.
Electrical part
The power supply and the electrical monitoring are enclosed within a home-made Faraday cage which strongly decreases the electromagnetic noise towards the reactor. A low DC power supply is amplified through a transformer which charges a 50 Ω coaxial line. Thanks to a spark gap filled with nitrogen and located at the end of the line, a 20 ns duration high positive square voltage pulse with a very short rise time equal to 2 ns can be delivered by the whole system. The voltage amplitude ranges between 7 and 18 kV and is controlled by the pressure inside the spark gap. As the square pulse is generated through a 50 Ω adapted coaxial line, no reflection arises in the system. Two home-made coaxial voltage capacitive dividers are inserted into the line, the first one being calibrated and used for high voltage monitoring (V 2 ) as shown on Figure 2 , and the second one for the triggering of cameras (V 1 ).
Reactor part
A scheme of the discharge reactor is given in Figure 3 . It is enclosed in a cylindrical alumina box in order to avoid electromagnetic loops between the different grounds of the system and to ensure suitable current measurements at the plane electrode. The high voltage is applied to the tip of a tungsten wire of 25 µm of radius, stressed by a holder with two semi-cylindrical pieces of Teflon which ensure its stability and its location inside the gap. Capillary glass tubes of different inner radius ranging from R tube = 37.5 up to 300 µm are used to constrain the discharge propagation inside the gap. A particular care is taken with the centering of the tip inside the capillary. A grounded plane is used as cathode and is set at a distance ranging between 0.75 and 1.2 cm from the anode. The discharge current is deduced from the voltage V 4 measured across a 50 Ω ballast resistance connected between the plane and the ground. An example of current is shown on Figure 2 , with two capacitive current peaks corresponding to the positive and negative fronts of the voltage pulse and in between the discharge current with a plateau, then a fast increase and a peak corresponding to the arrival of the discharge at the cathode and finally an exponential decrease. It is important to mention that the discharge starts from the anode point during the voltage rise and the small increase of current due to the discharge start is merged with the high capacitive current peak. However, the uncertainty on the time of start of the discharge estimated from the start of the voltage rise remains less than 1 ns.
Optical part
The imaging system consists of three high speed (subnanosecond scale) 14 bits ICCD cameras (4-Picos Stanford Computer Optics cameras), suitably synchronised with the voltage pulse and focused on a single event as shown on Figure 1 . The angle between each camera is set to 45
• . Time gate down to 0.2 ns can be used to follow the discharge propagation. The focus is made through a 105 mm F/2.8 UV lens and the optical resolution of cameras (about 100 lp/mm) allows a good space resolution of the emission inside tubes of hundreds of micrometers of diameter. To calibrate distances on camera images, first without any discharge, a micrometric ruler has been placed in front of each camera to have the same scale on each. Then the tip has been illuminated by a lamp to adjust the height of each camera to the same value. With the discharge, first, images have been taken without delay between cameras, and we have checked that the three images are similar. To follow the dynamics of the discharge, delay times between each camera can be adjusted down to a few picoseconds. An example of images taken with a capillary tube with R tube = 300 µm is shown on Figure 4 with a time delay and time gate of 1 ns. A vectorial analysis is made with a calibrated software (InkScape) to give the displacement between two consecutive images of the discharge. Divided by the time delay between each camera, two instantaneous velocities are derived from the three images of the same discharge event. In the following sections, each data point of velocity reported is an average between these two instantaneous velocities. Changing the delay between cameras, we have measured the discharge velocity at several positions in the gap for the same applied voltage. We have observed that the measured propagation velocity remains constant in the gap except close to (i.e. at less than 2mm from) both electrodes where an acceleration is observed. In this work, most of the pictures have been taken when the emission front of the discharge is approximately at the center of the gap where this acceleration effect is negligible. However, for specific conditions such as high applied voltages for which high discharge velocities are observed (as will be shown in Sections 4.1 and 4.2), due to the jitter on the start of the discharge mentioned in Section 2.2, some of the recorded images correspond to discharges closer to the cathode where the acceleration effect is not negligible.
Numerical model

Modelling of the experimental set-up
The geometry of the set-up used for the numerical simulations is as close as possible to the set-up used in the experiments with a metallic point anode (i.e. a metallic wire with a radius of 25 µm ending with a semisphere) immersed in a dielectric tube placed on a grounded metallic plane. In [Jánský et al., 2010b] , the same geometry has been used with a gap of 0.5 cm between the point and the grounded electrode and a metallic plane holder set 0.5 cm behind the point electrode. In this work for simulations without capillary tube (section 4.1) the gap between the point and the grounded electrode is 0.75 cm as in experiments. For simulations with the capillary tube (section 4.2), as in experiments, a gap of 1.2 cm is used. For the dielectric tube, to compare with experimental results obtained in a glass tube, we have used a relative permittivity of ε r = 4. In [Jánský et al., 2010b] , we have shown that the velocity of the discharge decreases as ε r increases and then in this work, we have also considered the case with ε r = 1 to obtain the highest limit of the discharge velocity. In the simulations, we have taken into account the holder of the point used in the experiments and shown in Figure 3 . Figure 5 shows the Laplacian field on the axis of symmetry for this holder assuming a permittivity of ε r = 1 for the capillary tube and 3 for Teflon. To reduce the mesh size and then the computational time, we have tried to determine the position of an equivalent metallic plane holder which gives the same Laplacian field as the experimental holder. Figure 5 shows the axial Laplacian field calculated for a metallic plane holder set at positions 0.5 cm (as in [Jánský et al., 2010b] ) and 8.4 cm behind the point for a permittivity ε r = 1 of the capillary tube. We note that when the plane holder is more distant from the point, the peak electric field at the point is higher while the background electric field in the gap is smaller. Figure 5 shows that for the position of the plane holder at 8.4 cm behind the point, the axial Laplacian electric field is the same as the real holder and though in the following this set-up is referred to as equivalent holder. As part of preparatory work for the model studies presented in this work, we have tested the influence of the position of the plane holder on the discharge propagation in the capillary tube. For a small gap of 0.5 cm with capillary tube as used in [Jánský et al., 2010b] , we found that the change of the plane holder position from 0.5 to 8.4 cm behind the point changes the discharge propagation velocity by only 10%. For a large gap of 1.2 cm with capillary tube, the influence of the position of the plane holder on the discharge propagation velocity was found to be more significant and will be discussed in section 4.2. Figure 5 . Axial Laplacian electric field close to the point anode (left) and close to the plane cathode (right) for different geometries of the point holder: the real holder used in experiments, the equivalent geometry (plane holder 8.4 cm behind the point) and the geometry used previously in [Jánský et al., 2010b] (plane holder 0.5 cm behind the point). U app = 15 kV
Fluid model formulation
As in [Jánský et al., 2010b ] a classical fluid model based on the continuity equations for electrons and ions coupled with Poisson's equation is used to simulate the discharge propagation in cylindrical coordinates (x, r). To take into account the different dielectric permittivities in air and in the dielectric tube, we use Poisson's equation with variable coefficients :
where the subscript i refers to electrons, positive and negative ions. n i , j i , S i , q i are the number density, the flux (using drift-diffusion approximation), the source term and the charge of species i, respectively. V is the potential, ε is permittivity and σ is the surface charge density. In the source terms S i of charged species, electron impact ionization, electron attachment, recombination (electron -positive ion and negative -positive ion) and photoionization processes are taken into account. Transport parameters and reaction rates of the model are assumed to be functions of the local reduced electric field E/N , where E is the electric field magnitude and N = 2.45 × 10 19 cm −3 is the air neutral density and are taken from [Morrow and Lowke, 1997] . For the photoionization source term, the three-group SP 3 model is used with boundary conditions given in . A Cartesian grid is used with a mesh size of 5 µm in the region of discharge propagation. The mesh is refined to 1 µm at the electrode tip and down to 0.5 µm in radial direction at the dielectric tube interface. Outside of the discharge propagation region, the mesh is geometrically expanded until the boundaries of the computational domain. As an example, for the case with a 1.2 cm gap and a dielectric tube with radius R tube = 100 µm shown on Figure 9 , a grid with n x × n r = 2970 × 300 cells and dimensions 9.6 × 2 cm 2 is used. Poisson's equation is discretized using a finite volume approach over the whole computational domain. At the metallic electrode-air interfaces, the ghost-fluid method is used [Célestin et al., 2009] and the resulting linear system is solved using the direct solver MUMPS [Amestoy et al., 2001] . The charged species transport equations are solved using the improved Scharfetter-Gummel algorithm [Kulikovsky, 1995] with linear field approximation (ISG-1). For the parameter ISG of this numerical scheme, as in [Jánský et al., 2010b] , we have used a standard value of ISG = 0.01 for all simulations with relative permittivity of tube ε r = 1 and ISG = 0.1 for the simulations with ε r = 4. A discussion on the influence of the value of ISG on the results is given in [Jánský et al., 2010b] . As shown in [Jánský et al., 2010b] , surface emission processes have a small influence on the discharge propagation velocity and therefore in all the simulations presented in this work we have considered only the secondary emission of electrons by ion bombardment (with a secondary emission coefficient of 0.1). The use of this high value is a way to take into account roughly other secondary emission processes as photoemission, secondary emission of electrons by impact of metastable molecules and field emission. In the simulations carried out in [Jánský et al., 2010b] , constant voltages applied at the beginning of the discharge simulation have been used for voltages in the range 6 -9 kV. To be closer to experiments, in this work, we have modelled the experimental voltage pulse shape (V 2 on Figure 2 ) as a smooth function with steep rise, a plateau and a steep decrease using a linear combination of two sigmoid functions, and then the applied voltage U is given by:
where U bc = 100 V is a small constant applied voltage, U max is the maximum of the sigmoidal function (e.g. 11.9 kV for a 12 kV applied voltage), t shift = 2 ns, λ = 8/t rise where t rise = 2 ns is the rise and decrease time of the voltage and t plateau = 20 ns is the duration of the voltage plateau. In the following, to compare the results obtained for different pulsed voltages, we refer to the maximum of the applied voltage denoted U app . Finally, to initiate the discharge, a low initial uniform density of seed charges (10 4 cm −3 ) is considered in the interelectrode gap as in [Jánský et al., 2010b] . In this work, we have calculated the axial velocity of the discharge based on the axial movement of the location of the maximum total electric field in the discharge. To compare with experiments, we have calculated the evolution of the axial velocity of the discharge in the gap apart from the vicinity of electrodes (i.e. in the interelectrode gap without 0.2 cm from the anode point and the grounded plane for cases without capillary tube and 0.3 cm for cases with capillary tube). Therefore, in the following sections, the calculated discharge velocity will be represented using an arrow. The start of the arrow corresponds to the velocity at the position x = 0.9 cm (0.55 cm) from the grounded electrode and the head of the arrow corresponds to the velocity at the position x = 0.3 cm (0.2 cm) from the grounded electrode for cases with capillary tube (for cases without capillary tube, respectively). In this section, we study discharges obtained without dielectric tube in a classical point-to-plane geometry with a gap of 0.75 cm between the tip of the point and the plane. For simulations, we have considered a plane holder set at 0.5 cm behind the point electrode. Figure 6 shows the two typical structures of the discharges observed in the experiments for U app = 7 to 18 kV. In both cases, we note that a rather large plasma ball develops from the tip due to the sharp point (i.e. with a radius of curvature of 25 µm) used in this work. This plasma ball expansion is also observed in the simulations as Figure 7 . Propagation of the discharge without capillary tube for U app = 12 kV and 15 kV. Cross-sectional views of the electron density and the magnitude of the electric field at t = 6 and 14.5 ns for U app = 12 kV and at t = 6 and 9.5 ns for U app = 15 kV. Isolines of electron density are 10 10 , 10 11 , 10 12 , 10 13 and 10 14 cm −3 . Isolines for the magnitude of electric field are 30, 60, 90 and 120 kV/cm.
Results
Comparison of experimental and simulated discharges without capillary tube
shown for example on Figure 7 for U app = 12 and 15 kV at t = 6 ns. For applied voltages below 14 kV, Figure 6 (left, U app = 8 kV) shows that after the expansion of the plasma ball, the discharge rapidly splits into several streamer channels which propagate altogether towards the plane cathode. It is important to note that in most cases, the propagation of a main axial streamer is observed as in previous experimental works performed in close conditions [Tardiveau et al., 2002] . For U app = 12 kV and t = 14.5 ns, Figure 7 shows the discharge structure obtained in the simulations when the discharge front crosses the middle of the gap. We note that after the initial plasma ball expansion, a streamer discharge with a lower radius propagates on the discharge axis. It is interesting to note that, in the simulations, for applied voltages less than 9 kV, we have observed streamer branching after the initial plasma ball expansion as in experiments. However, the thorough study of these branching discharges at low voltages is beyond the scope of this work and would require a 3D fluid model for the simulations. For applied voltages higher than 14 kV, in the experiments, Figure 6 shows that a plasma ball develops from the tip and then the discharge remains diffuse in the whole gap and reaches the plane with a cone shape as already observed in . For 16 kV, the angle of the cone is 50
• on Figure 6 . For U app = 15 kV and t = 9.5 ns, Figure 7 shows the discharge structure obtained in the simulations when the discharge front crosses the middle of the gap. We note that as the discharge propagates, its shape becomes like a cone in the direction of the plane, as observed experimentally on Figure 6 . For U app = 15 kV the angle of the cone is 20
• on Figure 7 . In the simulations, the radial extension of the initial plasma ball for an applied voltage in the range 15 -16.5 kV is 0.1 − 0.11 cm which is about two and half times less than the experimental radius for 16 kV (i.e. 0.25 cm for the plasma ball shown on Figure 6 (right) ). For U app = 12 kV we have studied the influence of the position of the plane holder on the simulation results. In comparison to results obtained with the plane holder set at 0.5 cm behind the point electrode, the use of the equivalent holder (plane holder at 8.4 cm behind the point electrode) increases by a factor 2.5 the radial extension of the initial plasma ball. However, we have checked that the position of the plane holder has a negligible influence on the discharge velocity. Figure 8 compares the experimental and numerical axial velocity of the discharge as a function of the applied voltage. A very good experiment/modeling agreement is observed. It is interesting to note that Pancheshnyi et al. [2005] studied the influence of the pressure in the range 300 to 760 Torr on the discharge characteristics in point to plane geometry. These authors also obtained a rather good agreement (within 30%) between experiments and simulations on the discharge propagation velocity. As already mentioned in Section 3.2, on Figure 8 , arrows are used for simulation results to represent the increase of the velocity during the discharge propagation. On Figure 8 , we note that the dispersion of experimental data increases as the applied voltage increases. As mentioned in Section 2.3, there is a jitter on the start of the discharge and then velocities are calculated based on images of discharges which may be located at slightly different axial positions. For low voltages, we observe a small dispersion of the experimental results, corresponding to an almost constant velocity of the discharge in most of the gap, as observed in the simulations. On Figure 8 , it is interesting to note that for applied voltages less than 14 kV the velocity increases linearly with the applied voltage. These results are in good agreement with [Tardiveau et al., 2002] . For higher voltages, as shown in the simulations, the velocity of the discharge is increasing during its fast propagation and then we assume that the dispersion observed in the experimental results shows the variations of the values of the discharge velocity at different points in the gap. (We have removed Figure 9 and its description)
Comparison of experimental and simulated discharges obtained with capillary tube
In this section, we study the propagation of discharges inside capillary tubes of different radius with a gap of 1.2 cm between the tip of the point and the plane. For the simulations, we have considered the geometry with the equivalent plane holder (i.e. a metallic plane set at 8.4 cm behind the point) to be as close as possible to the experimental set-up. Figures 4 and 9 show that, experimentally, discharges remain confined in the tubes all along their propagation. Indeed as the thickness of the tubes used in experiments is about 0.5 cm, it is not possible for discharges to trigger outside as was observed for thinner tubes in [LeDelliou et al., 2010] . As an example of the results obtained, Figure 9 compares for U app = 15 kV, the discharge structures obtained in the experiments and in the simulations for two different tube radii R tube = 100 and 300 µm. For R tube = 100 µm, we note that the optical emission of the discharge in the experiments is quite homogeneous inside the tube as the electron density distribution in the simulations. For R tube = 300 µm, we observe discharges with a tubular structure with an enhanced optical emission close to the tube surface in experiments and a higher electron density close to the tube surface in simulations. We have obtained similar results at other voltages and in particular in [Jánský et al., 2010a] we present a detailed comparison of experimental and simulated optical emissions for U app = 9 kV, R tube = 100 and 300 µm and ε r = 4. On Figure 9 , for both radii, we note that discharges develop with higher electron densities compared to those obtained for the same voltage without tube (see Figure 7) . Moreover, the electric field in the discharge front is higher in the tube than in the case without tube and is increasing with decreasing radius. These simulation results are Figure 9 . Propagation of the discharge inside capillary glass tubes for U app = 15 kV. Experimental images (top line) are integrated over 1 ns and simulations (middle and bottom lines) are for a relative permittivity ε r = 1. The first column is for R tube = 100 µm and the second column for 300 µm. Cross-sectional views of the electron density and the magnitude of the electric field (zoomed over the discharge front) are given at time t = 6.0 ns. Isolines of electron density are 10 10 , 10 11 , 10 12 , 10 consistent with results obtained previously in [Jánský et al., 2010b] for shorter gap and lower applied voltages. In order to get more quantitative results on the influence of the tube radius on the discharge dynamics, Figure 10 shows the experimental discharge velocity as a function of the applied voltage for different radii. Conversely to results obtained without tubes, on Figure 10 , the velocity increases linearly with the applied voltage on the whole voltage range studied in this work (8-18 kV). It is interesting to note that the velocity of the discharge increases as the radius of the tube decreases from 300 down to 100 µm, reaches a maximum for a tube radius slightly below 100 µm and then, the velocity of the discharge decreases as the tube radius becomes less than 100 µm. For R tube = 100 µm, we note that for all voltages, the discharge velocity is three to four times higher than the velocity derived in the case without tube, showing the enhancement of the discharge propagation velocity by dielectric surfaces in confined spaces. Figure 11 shows the comparison of measured and calculated axial velocity of the discharge as a function of the applied voltage for a tube radius R tube = 100 µm. In the simulations, first, a relative permittivity ε r = 1 is used for the dielectric tube. In [Jánský et al., 2010b] , we have shown that the velocity of the discharge decreases as ε r increases and then the test-case with ε r = 1 is used in this section to obtain the highest limit of the discharge velocity. First, it is interesting to note that, as in experiments, a Figure 10 . Experimental axial velocity of the discharge front in a capillary glass tube as a function of the applied voltage for different tube radii.
linear increase of velocity with the applied voltage is observed. For R tube = 100 µm, the simulated discharge fronts remain rather homogeneous for the whole range of applied voltages studied. As already mentioned in section 3.1, for a gap of 1.2 cm, the geometry of the point holder has an influence on the propagation velocity of the discharge in the dielectric tube. Then, on Figure 11 , we present simulation results obtained with the equivalent holder (i.e. a metallic plane set at 8.4 cm behind the point) and the case used in [Jánský et al., 2010b] with a holder set at 0.5 cm behind the point. For a plane holder set at 0.5 cm behind the point, Figure 11 shows that the velocity remains almost constant during the discharge propagation. Furthermore, we have noted that the discharge propagates with a constant peak electric field and a constant homogeneity of its discharge front. Conversely, for the geometry with the equivalent holder, Figure 11 shows that the discharge velocity decreases as the discharge propagates in the gap. Furthermore, we have observed that the homogeneity of the discharge front remains the same during the propagation but the peak electric field is decreasing as the discharge propagates. It is interesting to note on Figure 11 that the velocity of the discharge in the whole gap is higher for all studied voltages with the equivalent holder than with a holder set at 0.5cm behind the point. Finally, Figure 11 also shows that with the equivalent holder a fairly good agreement with experiment is obtained for low voltages, but at high voltages, the discharge velocity obtained in the simulations is underestimated by a factor of about 2. Figure 12 shows the comparison of measured and calculated axial velocity of the discharge as a function of the tube radius R tube for U app = 9 and 15 kV. As already mentioned in Figure 10 , in experiments, the velocity presents a maximum for a radius slightly below 100 µm. For large radii, the velocity decreases towards a limit which is close to the velocity of the discharge in the case without tube. In the simulations carried out in this work, the lowest radius considered is 100 µm as for radii less than 100 µm, very high values of the electric field (> 500 kV/cm) have been obtained with very steep gradients close to the dielectric surface. For these conditions, we believe that the validity of the fluid model used in this work is questionable and then a more accurate model as a hybrid model coupling a fluid and a microscopic model close to the dielectric surface would be required in the future. Furthermore, for voltages higher than 12 kV and ε r = 4, we have also obtained in the simulations peak electric field values higher than 500 kV/cm and then, on Figure 12 we present only results with ε r = 4 for U app = 9 kV. As already mentioned, in [Jánský et al., 2010b] , we have shown that the velocity of the discharge decreases as ε r increases and then in this section, we have carried out simulations for U app = 9 and 15 kV with ε r = 1 to obtain the highest limit of the discharge velocity. First, Figure 12 shows that the increase of velocity with the decrease of radius in the range 100 -300 µm is observed in experiments and in simulations. We also note that a good agreement is observed between experimental and numerical results for R tube = 300 µm for U app = 9 kV and ε r = 4 and for U app = 15 kV and ε r = 1. For radii R tube = 100 µm and 150 µm a good agreement is obtained for U app = 9 kV and ε r = 1. As expected, for U app = 9 kV, the velocity of the discharge decreases as ε r increases from 1 to 4 for all radii in the range 100 -300 µm. For both voltages, we note that a better experiment/modeling agreement is obtained at large radius, that is for conditions closer to the case without tube for which a good experiment/modeling agreement has been observed in section 4.1. As the radius of the tube decreases, Figure 12 shows that the calculated velocity for 9 kV and ε r = 4 slightly increases but is less than the experimental one. The discrepancy between experiments and simulations as the radius decreases is even more significant for 15 kV as the results shown on Figure 12 have been obtained for ε r = 1 and then can be considered as a higher limit of velocities obtained with a real glass tube with ε r = 4.
Discussion on the experiment-modelling comparison
In Section 4.1, we have shown that a good agreement has been obtained on discharge velocities between experiments and simulations in a point-to-plane geometry without dielectric tube. In Section 4.2, for the discharge propagating in dielectric tubes, we have noted that a fairly good agreement is obtained for large radii but simulated velocities underestimate the measured ones as the radius of the tube decreases down to 100 µm. In this section, we propose to discuss different effects that could play a role to explain the discrepancies between experiments and simulations: uncertainties on initial conditions, the choice of the data set for transport parameters, rate coefficients and secondary processes, and finally, geometry effects.
4.3.1. Discussion on the initial conditions As already mentioned in Section 2, in the experiments, single shot voltage pulses are used with a delay of more than 1 s before the next pulse. A few experiments have been also done at a frequency up to 60 Hz, and no influence of the frequency on the discharge velocity has been observed. These results seem to indicate that the discharge is in state allowing repeatability of measurements. In particular, it seems that the heating of the gas in the tube can be neglected at these very low frequencies. Then, we propose to discuss the influence of initial conditions on the simulation results. In [Jánský and Bourdon, 2010] we have studied the post-discharge up to 10 ns after the applied voltage pulse (given by equation (3)). We have shown that the positive surface charge deposited on the dielectric tube during the discharge propagation (of the order of 1 nC/cm) decreases to almost zero in few nanoseconds after the decrease of the applied voltage. However it is important to note that after the voltage pulse, high densities of electrons and ions remain in the gas volume inside the tube. Then, during the post-discharge, these charges will recombine and diffuse towards surfaces and then the initial condition of the next pulse even at very low frequency is difficult to determine accurately. In [Jánský et al., 2010b] , we have shown that variation of initial electron and positive ion densities in the range 10 3 − 10 5 cm −3 has a negligible influence on the discharge propagation velocity. In [Pancheshnyi , 2005] it was shown that the level of seed charges for a discharge in air at atmospheric pressure at a repetition frequency of 1 Hz is around 10 6 − 10 7 cm −3 . In this work, all simulations have been carried out with a preionization level of 10 4 cm −3 . Then, for an applied voltage of 15 kV, ε r = 1 and R tube = 100 µm with equivalent holder, we have tested the influence of an initial preionization level of 10 7 cm −3 , and we have observed no influence on the discharge velocity. In fact, as already mentioned in [Jánský et al., 2010b] , the photoionization mechanism dominates the generation of electrons in front of discharge head as it propagates in the dielectric tube. Then to see an influence of seed charges on the propagation of discharges in the tube, it would be necessary to have preionization levels higher than 10 9 cm −3 which is not realistic for single shot or very low frequency experiments. The accurate modeling of the dynamics of surface charges during the post-discharge of more than 1 s is beyond the scope of this work and then, we have carried out a parametric study to test the influence of a given initial uniform surface charge on the inner surface of the dielectric tube on the discharge velocity. Figure 13 shows for R tube = 100 and 250 µm the influence of positive and negative surface charges on the discharge velocity. It is important to note that as the discharge propagates, the surface charge varies due to surface charge deposition by the discharge. In this work, we have neglected the influence of the initial surface charge on the enhancement or decrease of secondary emission processes at the dielectric surface. To compare the influence of surface charges for different diameters of the tube, we have compared the results obtained for same values of the linear charge density τ (τ = σ 2 π R tube ). We have carried out preliminary tests on a wide range of values of τ , and we have checked that with a linear charge density of the order of 1 nC/cm (of the order of the surface charge deposited during the discharge propagation during the voltage pulse), the discharge is self igniting without any applied voltage. We have also checked that a linear charge density of the order of 0.01 nC/cm changes the velocity by about 1%. Figure 13 shows the influence of an initial uniform linear surface charge for values of the order of 0.1 nC/cm. As expected, the velocity is increasing with higher negative linear charge density on the dielectric surface for both radii. In fact, an initial negative surface charge is enhancing the electric field in the discharge front while an initial positive surface charge is shielding the electric field. We note that the value τ = −0.1 nC/cm is increasing the velocity by 10% for both tube Figure 13 . Axial velocity of the discharge front as a function of position in the gap for an initial linear charge density on the tube surface of τ = 0.1, 0, −0.1 and −0.2 nC/cm for U app = 15 kV, R tube = 100 and 250 µm and ε r = 1. Plane holder is set 0.5 cm behind the point.
radii. As experiments are carried out in single shot or at very low frequencies, it seems difficult to assume that the absolute value of surface charge on the tube is higher than 0.1 nC/cm in the experiments. Then, it seems that small amounts of surface charges on the tube have only a small influence on the discrepancy observed between experiments and simulations on Figure 12. 4.3.2. Discussion on the data set chosen for transport parameters, rate coefficients and secondary processes In this work, we have taken into account only secondary emission of electrons by impact of positive ions on the dielectric surface. In [Jánský et al., 2010b] we have shown that variation of secondary emission coefficient in range 0.001 − 0.1 has a negligible influence on the discharge propagation. We have also shown that photoemission processes enhance the tubular structure of the discharge and may slightly decrease the velocity of the discharge for high photoemission coefficients. In this work, we have carried out a simulation of the discharge for U app = 15 kV, ε r = 1, R tube = 100 µm and γ photoem = 5 × 10 −3 (as defined in [Jánský et al., 2010b] ) with equivalent holder and we have observed the same velocity in the first half of the tube and about 10% smaller velocity in the second half of the tube in comparison to the same calculation without photoemission. Then as in [Jánský et al., 2010b] , we note that the processes enhancing the tubular structure of the discharge are decelerating the propagation of the discharge in the tube. Then, it seems that the speed up of the discharge in the tube due to additional emission processes as field emission, secondary emission of electrons due to impact of metastables looks rather unlikely to explain the discrepancy observed between experiments and simulations on Figure 12 . In this work, in the simulations we have used for transport parameters and source terms, the data set given by [Morrow and Lowke, 1997] . To test the influence of the data set used on our results, we have carried out simulations using for ionization coefficient, attachment coefficient and mobility, the coefficients used by [Liu and Pasko, 2004] , which are in good agreement with results obtained using BOLSIG+ [Hagelaar and Pitchford , 2005] . The most significant change is on the ionization coefficient which is about two times higher for high field E > 200 kV/cm than the one given in [Morrow and Lowke, 1997] . We have carried out simulations with this different data set of coefficients for three different conditions of Figure 12 (namely [15 kV, ε r = 1, R tube = 100 µm],[9 kV, ε r = 1, R tube = 100 µm],[9 kV, ε r = 1, R tube = 300 µm], with equivalent holder). We have observed that with this new data set, the velocity of the discharge increases by a factor of 2 for U app = 15 kV and by a factor 1.5 at U app = 9 kV. Then the choice of the data set used seems to have an influence on the absolute value of the discharge velocity. However, it is important to note that the change of data set influences the discharge velocity by the same factor for R tube = 100 and 300 µm at U app = 9 kV. Then, even with a different data set, our simulations are underestimating the increase of the discharge velocity in tubes when the radius decreases from R tube = 300 to 100 µm. Finally, in pulsed discharges with high applied voltages, runaway electrons may be generated and produce x-ray emission [Shao et al., 2011; Baksht et al., 2009] . As in , these runaway electrons could explain the diffuse mode of the discharge at high applied voltages. Recently, the generation of runaway electrons in high altitude discharges is studied intensively using particle models [Chanrion and Neubert, 2008; Celestin and Pasko, 2011] . In a future work, it would be interesting to develop an hybrid model coupling a fluid and a microscopic model to study in detail the influence of runaway electrons on the characteristics of the discharge studied in this work.
4.3.3. Discussion on geometry effects As already mentioned, the geometry of the needle holder has a significant influence on the velocity of the discharge in dielectric tubes and then we have tried in this work to model it as accurately as possible. It is important to note that the geometry and the position of the needle electrode is another factor influencing the discharge velocity. When the point electrode has sharp edges (resulting in higher field around the point) the ignition of the discharge is faster and the velocity is also higher. In simulations, the needle electrode is set exactly on the axis of symmetry of the tube. In experiments, a special care has been taken to put the needle electrode in the middle of the tube. However, due to the small dimensions of the needle and of the capillary tube, this centering is really challenging. If the needle electrode is placed slightly out of the axis of symmetry, this may have a significant influence on the ignition of the discharge and its propagation. In a future work, using a full 3D model, it would be interesting to study the influence of a needle set off-axis on the structure and velocity of the discharge propagating in the capillary tube.
Conclusions
The principal results and contributions, which follow from studies presented in this paper, can be summarized as follows:
• In needle-to-plane geometry, without dielectric tube, we have observed in experiments and in simulations that the pulsed air plasma discharge starts to develop as a plasma ball around the needle tip. Then, for applied voltages less than 14 kV, in the experiments, the discharge rapidly splits into several streamer channels which propagate altogether towards the plane cathode. In the simulations, we have simulated only the main axial discharge observed in the experiments. For applied voltages higher than 14 kV, in the experiments and in the simulations, the plasma ball develops from the tip and the discharge propagates with a cone shape towards the cathode plane. We have observed that the discharge propagation velocity increases as the applied voltage increases and a rather good agreement between experiments and simulations has been obtained in the voltage range 7 to 18 kV.
• When the discharge is confined inside capillary tubes of inner radius in the range 37.5 to 300 µm, we have shown in experiments and in simulations, that the discharge structure is tubular for large tube radius and becomes homogeneous as the radius of the tube decreases. In experiments and in simulations, we have noted that the discharge velocity increases linearly with the applied voltage between 8 and 18 kV for all tube radii studied. For large radii, the velocity converges towards the velocity of the discharge without tube. As the radius of the tube decreases from 300 to 100 µm, we have observed that the velocity of the discharge increases in experiments and in simulations. In the experiments, a maximum of velocity is obtained for 100 µm and the velocity decreases as the tube radius becomes less than 100 µm. We have noted that the maximum of the discharge velocity is three to four times higher than the velocity obtained for the same applied voltage without tube. This clearly shows the enhancement of the discharge propagation by dielectric surfaces in confined spaces. In the simulations, the lowest radius considered is 100 µm and in this case, a fairly good agreement with experiment is obtained on the discharge velocity for low voltages, but at high voltages, the discharge velocity obtained in the simulations is underestimated by a factor of about 2. Finally, the best agreement between experiments and simulations is obtained for tubes with large radius. We have observed that the discrepancy between experiments and simulations increases as the radius decreases and the applied voltage increases.
